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Renin-angiotensin-aldosterone system in the healthy infant and
child. Plasma renin activity (PRA), plasma aldosterone concen-
tration (PAld), and urinary aldosterone 18-oxoglucuronide excre-
tion (UAIdOV) were studied in 69 healthy children, aged 3 months
to 15 years, in basic conditions. In 49 of them, PRA and PAid0 were
also measured after stimulation with oral furosemide and tilting.
PRA, PAIdO, and UAIdO V showed a significant negative correlation
with age (P < 0.001) and a greater variation in the youngest age
groups. No correlation could be found between PRA or PAId, and
the sodium excretion per kilogram of body weight per 24 hours
for the total of subjects as well as within each age group. An age-
independent correlation between PAIdO, but not PRA, and urinary
potassium was observed. After correction for age, there was no
significant relationship between PRA and PAId, or between
plasma sodium or potassium and PRA or PAId,. It is speculated
that a lower sodium turnover, as evaluated from the sodium ex-
cretion, is probably not the most important cause of the in-
creased PRA or PAIdO values, at least within the range of sodium
intake in these subjects. As suggested by the results of principal
component analysis on correlation matrices, age (and height,
surface area) seems to be the most important factor. By what
mechanism this factor influences the renin-angiotensin-aldoste-
rone system is at present unclear. Furthermore, in the younger
children, the analysis suggests that variables other than age are
also involved. After stimulation with furosemide and tilting,
there was an increase of the mean PRA and PAId, values. The
increase of percentage was greatest in the older age groups
where the lowest basic values were found. A positive correlation
was found between PRA and systolic as well as diastolic blood
pressure: the correlation disappeared after correction for age.
Le système renine-angiotensine-aldosterone chez l'enfant bien
portant. L'activité rénine plasniatique (PRA), Ia concentration
plasmatique d'aldostérone (PAIdO), Ct l'excrétion urinaire de 18-
oxoglucuronide d'aldostérone (UATdOV) ont été étudiées chez 69
enfants bien portants, ages de 3 mois a 15 ans, dans des condi-
tions basales. Chez 49 d'entre eux PRA et PAid,, ont été mesurées
aussi après stimulation par le furosémide per os et Ic changement
de position. PRA, PAId,, et U,V sont négativement corrélées
avec L'âge (P < 0,001) et la variation est plus grande dans les
groupes d'âges les moms élevés. Ii na pas été observe de corré-
lation entre PRA ou PAIdO et l'excrétion de sodium par kilogram
de poids corporel et par 24 heures, ni dans l'ensemble des sujets,
ni dans les divers groupes d'âges. Une correlation independante
de l'âge a été observée entre PAid,, mais non PRA, et le potas-
sium urinaire. Après correction pour l'âge, il n'y a pas de rela-
tion significative entre PRA et PAIdO ni entre le sodium ou le
potassium plasmatiques et PRA ou PAido. Ii est suggeré qu'un
renouvellement faible du sodium, apprécié a partir de
I'excrétion de sodium, n'est probablement pas La cause princi-
pale des valeurs élevées de PRA ou de PAido, au moms dans
l'éventail des ingestions de sodium de ces sujets. Comme il est
suggére par les résultats de l'analyse des composantes princi-
pales sur des matrices de correlation, l'âge (ainsi que Ia taille et
Ia surface corporelle) semble étre le facteur le plus important.
Les mécanismes par lesquels ces facteurs influencent Ic système
rénine-angiotensine-aldostérone ne sont pas actuellement clairs.
De plus, chez les enfants les plus jeunes, l'analyse suggère que
d'autres variables que l'age sont impliquees. Après stimulation
par Ic furosémide et Ic changement de position on observe une
augmentation des valeurs moyennes de PRA et PAId,. L'aug-
mentation en pourcentage est plus importante dans les groupes
d'ages élevés, oU les valeurs basales sont les plus basses. II
existe une correlation positive entre PRA et Ia pression artérielle
systolique et diastolique: cette correlation disparaIt apres cor-
rection pour I'âge.
It is only recently, when micromethods for the
determination of its components have become avail-
able [1-3], that the renin-angiotensin-aldosterone
system (RAA system) has been investigated sys-
tematically in infants and children. The data which
are available remain, however, scarce, and numer-
ous facts are still unexplained. It was the aim of the
present study to provide further information in this
field by studying a number of healthy children in
well-controlled, basic conditions and after stimula-
tion.
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Sixty nine children, between 3 months and 15
years of age, were investigated: 44 were male; 25,
female. All were recovering from benign conditions
and had a prolonged hospital stay mostly for social
reasons. Hepatic or renal disease was excluded on
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the ground of normal blood and urinary values.
Children receiving medication known to affect the
RAA system were excluded from the study. The
children were arbitrarily divided into four age
groups: group 1 (N = 18), 3 months to 1 year; group
2 (N = 16), 1 to 4 years; group 3 (N = 18), 4 to 9
years; and group 4 (N = 17), 9 to 15 years. They
were all on the usual hospital diet. On the basis of
the sodium content of the formula and the values
from alimentary tables, we estimated the sodium in-
take to be 0.75 to 2 mEq/kg/24 hr for the infants and
1 to 4 mEq/kg124 hr for the older children. The chil-
dren were placed in a special care unit, which al-
lowed careful and continuous supervision of posi-
tioning and completeness of urine collection.
In all the children the following protocol was
used. On the first day 24-hr urine samples were
collected in containers with 10 g of boric acid to
prevent alkalinization, and were stored at —30° C
until assayed for aldosterone 1 8-oxoglucuronide
(UAIdOV), sodium (UNaV), and potassium (UKV).
The next morning, after termination of the urine
collection and after at least 10 hours of controlled
supine position during the night, blood samples
were drawn for plasma renin activity (PRA), plasma
aldosterone (PA1d), plasma sodium, and plasma po-
tassium determinations. The blood was collected in
ice-chilled, plastic tubes containing sodium EDTA
(6 mg/mi of blood) for PRA and lithium heparin (0.5
mg/mi of blood) for PAIdO and plasma electrolyte
measurements. Plasma was separated within 15 mm
by centrifugation and then stored at —30° C until
assayed. All the samples were assayed within 3
months after sampling.
In 49 children, a provocation test was then per-
formed: 1 mg/kg of body weight of furosemide was
administered per os, infants were kept into the up-
right position by the use of relaxing chairs while
older children were allowed normal activity except
for lying down. Three hours later, blood samples
were drawn again for PRA, PAIdO, sodium, and potas-
sium determination. During the whole procedure,
blood pressure was measured regularly, using the
auscultatory method with cuffs of appropriate size
in older children and the ultrasonic technique (Arte-
riosonde, Hoffmann-Laroche) in infants and smaller
children. The values obtained immediately before
the first blood sampling were used for statistical
analysis. No adverse reactions have been observed
with this protocol. The aim of the study was ex-
plained to the parents, and consent was obtained in
all cases.
For the determination of PRA, the radioimmuno-
assay method described by Fyhrquist et al [3] was
used, in which the amount of angiotensin I (AT),
generated during incubation at pH 6.0, is measured
and which necessitates only minimal dilution of the
plasma (10%). The results are expressed in nano-
grams of AT generated per milliliter per hour (nglmll
hr). The intraas say and interas say coefficient of var-
iation for PRA values in the intermediate range was
6.5% and 8.5%, respectively. PAIdO and UAIdOV were
determined by direct radioimmunoassay as de-
scribed by Vetter et al [4, 5] using highly specific
antibodies. For PAIdO values in the intermediate
range, the intraassay and interassay coefficient of
variation was 9% and 13%, respectively. For
UAIdOV, these figures were 7% and 10%, respective-
ly. Plasma and urine electrolytes were measured by
flame photometry.
Statistical study included correlation analysis,
multivariate analysis, and principal component
analysis on correlation matrices [6]. The former two
were performed on logarithmically transformed
data; the latter, on untransformed data.
Resulis
Although the values in the different age groups
show a marked overlapping, a net decrease of the
mean value of PRA and PAIdO is observed with in-
creasing age (Figs. 1 and 2, Table 1). The greatest
variation occurs in the youngest age groups. For
comparison, PRA and PA1dO were determined also in
13 normal adults, but the conditions were not en-
tirely comparable (supine position for 30 to 120 mm
only): the values which were obtained were (mean
5EM) 2.28 0.25 ng/mllhr and 16.3 1.90 ng/100
ml, respectively. The mean UAIdOV value, ex-
pressed per kilogram of body weight per 24 hours,
also decreased with age (Fig. 3, Table 1). Again, the
greatest variation is observed in the youngest age
groups. For the total of children, there is a statisti-
cally significant (P < 0.001), though not very pro-
nounced, inverse relationship between age, on the
one side, and PRA (r = 0.51), PAIdO (r = —0.48),
and UAIdOV (r = —0.64) on the other side. There is
also a significant (P < 0.01) positive correlation (r =
0.32) between PRA and PAIdO. After correction for
age, however, the partial correlation between PRA
and PAldo is not significant (P > 0.3; r =
—0.10).
When PRA is first regressed on PAIdO, or PAldo on
PRA, the correlation with age remains significant (P
< 0.001; r = —0.43 and —0.39). A significant posi-
tive correlation (P < 0.001; r = 0.43) is found be-
tween PAldo and UAIdOV.
PRA, PAIdO, and UAId)V were also related to the
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Fig. 1. PRA in the d(fferent age groups. The mean of the values
and the SEM for each group are indicated by the horizontal lines.
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Fig. 2. Plasma aldosterone values in the different age groups.
The mean of the values and the SEM for each group are indicated
by the horizontal lines.
Group N
PRA,
nglml/hr
Mean SEM
PAId0,
ngIlOOml
Mean SEM
UAIdOV,
pglkgl24hr
Mean SEM
1 18 6.27 0.97 42.69 9.68 2.12 0.58
2 16 4.47 0.78 26.66 6.40 0.95 0.22
3 18 2.33 0.29 11.11 1.70 0.35 0.05
4 17 2.07 0.49 7.30 1.49 0.22 0.05
__ ___ -
9 to 15yr
)N— 17)
Fig. 3. Urinary aldosterone values in the dfferent age groups.
The mean of the values and the SEM for each group are indicated
by the horizontal lines.
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Table 1. PRA, PAIdO, and UAIdOV in the different age groups
urinary sodium excretion (UNaV), the urinary potas-
sium excretion (UKV), and the plasma sodium and
potassium for the whole group as well as for the
separate age groups. For the total of children, there
is a significant inverse relationship between PRA (P
<0.001; r = —0.40) and PALO0 (P < 0.01; r =
—0.33),
on the one side, and UNaV, expressed as milli-
equivalents per 24 hours, on the other side. There
is, however, no significant correlation between
UNaV expressed as milliequivalents per kilogram of
body weight per 24 hours and PRA (P> 0.2; r =
—0.14) or PA!00 (P> 0.6; r = —0.04) (Figs. 4 and 5),
and neither between UNaV in milliequivalents per 24
hours and PRA (P> 0.6; r = 0.05) or PALdO (P> 0.2;
r = 0.14) after correction for age. For the separate
age groups, no correlation is found between PRA or
PAIOO and UNaV. A borderline significant (P < 0.05)
inverse relationship is observed between UAIOOV
and UNaV (r = —0.26), both expressed per kilogram
of body weight per 24 hours. As opposed to UNaV,
there is no significant correlation between UKV ex-
pressed as milliequivalents per 24 hours and PRA (P
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Fig. 4. Regression of PRA on urinar sodium excretion.
10
UNaV, mEg/kg/24 hr
Fig. 5. Regression of plasma aldosterone on urinary sodium ex-
cretion.
> 0.2; r =
—0.14) or PAldO (F> 0.5; r = 0.08), but
this correlation becomes significant (P < 0.02 and P
< 0.001; r = 0.30 and r = 0.49) when UKV is ex-
pressed as milliequivalents per kilogram of body
weight per 24 hours. After correction for age, the
relationship between UKV (milliequivalents per
kilogram of body weight per 24 hours) and PAldo (P
< 0.05; r = 0.28) remains but not between UKV
(milliequivalents per kilogram of body weight per 24
hours) and PRA (P> 0.5; r = 0.05). No correlation
is found between PRA or PAldo and plasma sodium
or between PRA and plasma potassium, but there is
a significant (P < 0.005) positive relationship be-
tween plasma potassium and PAIdo (r = 0.34): this
relationship, however, disappears after correction
for age (P> 0.2; r = 0.13).
Principal component analysis on correlation ma-
trices of the variables age, body weight, surface
area, PRA, PALdO, UAIdOV, UNaV, UKV, plasma so-
dium and potassium, and blood pressure reveals
that in older children variables other than age, body
weight, and surface area have only minimal influ-
ence. In the youngest age group, however, other
factors, the nature of which could not be deter-
mined, also appear to be important besides age,
weight, and surface.
Stimulation of the RAA system by oral furose-
mide and tilting results in an increase of the mean
PRA and PAldo, but in a few cases unexplained de-
creases occur (Figs. 6 and 7). In general, the highest
increase of percentage is observed in the children
with the lowest basic values, and, as a con-
sequence, the increase of percentage of the mean is
10
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Fig. 6. Change in PRA in the different age groups after stimula-
lion with tilting and oral furosemide. The increase of the mean
value is represented by the thick line.
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Fig. 7. Change in plasma aldosterone levels in the different age
groups after stimulation with tilting and oral furosemide. The
increase of the mean value is represented by the thick line.
lowest in the youngest age groups. In this study, no
attempt was made to differentiate between the influ-
ence of furosemide and that of tilting.
There is an increase of the systolic and the diastol-
ic blood pressure with age (Table 2). Both are posi-
tively correlated with age (P < 0.001; r = 0.79 and r
= 0.70) and inversely correlated with PRA (systolic
pressure: P < 0.01, r = —0.33; diastolic pressure: P
<0.05, r = —0.27). Systolic pressure is also signifi-
cantly inversely correlated with PAId, (P < 0.02, r =
—0.32), but not so the diastolic pressure (P> 0.05; r
= —0.23). After correction for age, the correlation
between blood pressure and PRA (systolic and dia-
stolic pressure: P> 0.2, r = 0.14) and between sys-
tolic pressure and PAldo (P> 0.8, r = 0.03) becomes
nonsignificant.
Discussion
The progressive decline with age, of PRA, PAIdO
and UAIdOV, as observed in our and other series, and
of plasma renin concentration (PRC) and aldoste-
rone secretion rate (ASR) is a well-known fact in
pediatric literature [7—18]. The greater variation of
the values in the infants and younger children has
also been observed by others but is not well ex-
plained: it may be due to the stress of the blood
sampling or to uncontrolled changes of the position
[8]. It is not clear at what age the normal adult val-
ues are attained: in some series, this does not occur
before puberty [8, 12, 14, 15], but in others mean
values equal to adult values were already observed
at 9 [13] or even at 6 years [10]. The mean values for
PRA and PA1dO which we observed in 13 normal
adults and which are in agreement with Tolagen's
figures [19] are somewhat higher than those of
group 4: however, the adults were investigated after
a shorter period of recumbency, and it may be that
we are dealing with slightly stimulated values. The
data of Dillon and Ryness suggest a slight increase
of PAIdO before puberty [14]. The inverse relation-
ship between PRA or PAldo and age probably ex-
tends into the very young infancy on the one side
and adulthood and old age on the other side. A num-
ber of investigations have clearly shown increased
values of the different components of the RAA sys-
tem in healthy newborns [15, 18, 20—30]. A progres-
sive decline of PRA and PAIdO with age has also been
shown in adults [31], and in the elderly PRC, PRA,
and PAId, are lower than they are at 20 to 30 years
[32].
In our study, PRA and PAldo are significantly cor-
related, but after correction for age this correlation
disappears. This is in agreement with the data of
Dillon and Ryness [14]; this is not surprising if one
considers that PRA is only one of the factors in-
volved in PAid,, secretion.
Which factors, connected with age, influence the
activity of the RAA system, is unknown, and only
few studies in this field have been performed in chil-
Table 2. Systolic and diastolic blood pressure (BP) in the diiferent age groups
BP Mean
Group 1
SEM
Group 2
Mean SEM Mean
Group 3
SEM
Group 4
Mean SEM
Systolic,mmHg 78.2 3.09 104.8 3.12 106.1 1.66 110.8 2.48
Diastolic, mm Hg 45.1 3.99 65.2 3.14 69.5 1.92 70.3 2.94
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dren. The values of the RAA system components
should be interpreted in relation to sodium turnover
or total exchangeable sodium. For obvious reasons,
such studies are not easy to perform in healthy chil-
dren, and therefore the urinary sodium excretion is
mostly taken as a parameter of the sodium turn-
over, neglecting the fact that there is a growth-asso-
ciated sodium retention. For comparison of sub-
jects with widely varying body size, the sodium ex-
cretion per kilogram of body weight per 24 hours is
mostly used.
For the whole group of children, we were unable
to establish a significant correlation between PRA
or PAId(, and the sodium excretion per kilogram of
body weight per 24 hours. This is in accordance
with the findings of others [11, 12, 17], although Dil-
lon and Ryness observed a marginal correlation be-
tween PRA and sodium excretion in milliequiva-
lents per kilogram of body weight per 24 hours [14].
In adults, PRA and PRC also do not correlate with
the sodium excretion within the range of the normal
dietary intake [31]. To avoid as much as possible
the influence of the growth-related sodium reten-
tion, we also studied the relationship between UNaV
and PRA or PAIdO within the separate age groups: no
significant correlation could be found, but the re-
stricted number of available data does not permit
firm conclusions. In children nomograms similar to
those in adults with extremely varying sodium in-
take [33] have been drawn relating PRA [34] or
UAIdV [35] with urinary sodium. These nomo-
grams, however, are based on the uncorrected so-
dium excretion per 24 hours. We recall that we ob-
served a borderline significant inverse relationship
between UAIdOV and UNaV, both expressed per kilo-
gram of body weight per 24 hours. In conclusion,
we favor the opinion that, within the limits of so-
dium intake and excretion of normal children, no
correlation with PRA or PAIdO exists as has been
shown also in the adult on a normal diet [31]. In
pathologic conditions, however, with very low or
very high sodium intake or sodium loss, an inverse
relationship between PRA or PA(1(, and sodium bal-
ance will be found [7, 14].
Other hypotheses have been proposed for the in-
creased PRA and PAldo values in normal children,
but they remain largely speculative. Furthermore,
the causes may be different for PRA and PAId), as
the latter is also influenced by mechanisms other
than the RAA system. Thus, the decreased renal
cortical perfusion and the decreased ability of the
proximal renal tubule for sodium reabsorption with
ensuing increased sodium delivery to the macula
densa area [14], a relative insensitivity of the matur-
ing kidney to aldosterone with stimulation of the
RAA system [8], and an enhanced activity of the
sympathetic nervous system in children [8, 12, 15]
have been considered. A significant relationship be-
tween PRA or PAIdO and plasma potassium has been
found in children as well as in adults [30]. We ob-
served an age-independent marginal correlation be-
tween PAIdO and UKY (milliequivalents per kilogram
of body weight per 24 hours); the correlation be-
tween PAldOand plasma potassium that we also
found, disappeared, however, after correction for
age. Principal component analysis in our subjects
suggests a distinction between younger and older
children. In the former, additional variables besides
age, length, and body surface seem to be involved:
their nature remains undetermined.
It has been demonstrated that the RAA system in
children responds to various stimuli, which in the
adult result in renin release. This has repeatedly
been shown in the neonate of different species [18,
36-41]. There is no agreement on the influence of
tilting in normal children. Although some authors
were unable to observe any alteration of PRA or
PAIdO with change of posture [8], others have seen
appreciable changes [15] but sometimes only in old-
er children [34]. We were able to confirm that the
RAA system can be stimulated in children, but as
we aimed at maximal stimulation, no distinction be-
tween the effect of furosemide and that of tilting
was made. The greater increase of percentage of
PRA and PAId(, with age that we observed may be
due to the greater influence of the upright position
in older children, as is suggested by some authors
[34], or to the fact that the system is already more
stimulated in infants, or to a diminished effect of
furosemide in young children. The paradoxical re-
sponses in a few cases may be due to technical fac-
tors and illustrate the precariousness of PRA and
PAIdO determinations in young children.
In the normotensive adult, and inverse relation-
ship is found between blood pressure and PRA [42].
On the ground of their results, some authors have
proposed to extend this correlation into the normo-
tensive child [10]. A significant inverse relationship
between PRA or All and blood pressure has also
been found in the neonate by some [21, 22], but oth-
ers were unable to find such correlation in that age
group [20]. The relationship we found between
blood pressure and PRA disappeared after correc-
tion for age. This lack of correlation certainly does
not exclude a role of the RAA system in the mainte-
nance of blood pressure in the newborn and the
202 Van Acker et a!
child but probably, as has been suggested for the
sodium balance, the limits of the normal pressure
are too narrow to allow for any demonstrable cone-
lation with PRA. Furthermore, blood pressure is
notoriously variable in children.
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